Abstract. Three-dimensional profiling and tracking by digital holography microscopy (DHM) provide label-free and quantitative analysis of the characteristics and dynamic processes of objects, since DHM can record realtime data for microscale objects and produce a single hologram containing all the information about their threedimensional structures. Here, we have utilized DHM to visualize suspended microspheres and microfibers in three dimensions, and record the four-dimensional trajectories of free-swimming cells in the absence of mechanical focus adjustment. The displacement of microfibers due to interactions with cells in three spatial dimensions has been measured as a function of time at subsecond and micrometer levels in a direct and straightforward manner. It has thus been shown that DHM is a highly efficient and versatile means for quantitative tracking and analysis of cell motility.
Motility is a major characteristic of living cells, and it includes the form of movement of cells as well as movement within cells. Understanding the origin of cellular or intracellular motility provides information about the functional status of cells. A wide variety of cells, such as fibroblasts, amoeba, etc., move by means of crawling over substrate, and cell substrate interactions play a crucial role in the migratory behavior of these adhesive cells. A cell must exert a propulsive force to overcome friction and move along a surface, and accurate measurements of the magnitude and direction of traction forces are needed to understand cell motility. These forces are known to be able to deform flexible substrates. Knowledge of substrate elasticity, such as stiffness, and optical measurement of substrate distortion can then be combined to obtain estimates of the traction forces of cells. Digital holography microscopy (DHM) is an emerging technology of a new paradigm in general imaging and biomedical applications. 1, 2 Various techniques of DHM, including the quantitative phase microscopy by digital holography (DH-QPM), have been proven to be potent tools for cellular microscopy. DH-QPM allows measurement of optical thickness with nanometer-scale accuracy by single shot, wide-field acquisition, and it yields phase profiles without some of the complications of other phase imaging methods. The phase image is immediately and directly available on calculating the two-dimensional complex array of the holographic image, and the phase profile conveys quantitative information about the physical thickness and index of refraction of cells. DH-QPM has been applied to quantitatively image and analyze living cells in a collagen matrix. 3, 4 Phase profiles of the shape change of cardiomyocytes have been evaluated to yield quantitative parameters characterizing the cell dynamics. 5 We have recently utilized DH-QPM to study the wrinkling of a silicone rubber film by motile fibroblasts. 6 The wrinkle formation has been visualized, quantitative measures of surface deformation have been extracted, and cellular traction force has been estimated in a direct and straightforward manner. A nonwrinkling substrate, collagen-coated polyacrylamide (PAA), was also employed to make direct measurement of elastic deformations, albeit at discrete locations. 7 The Young's modulus of PAA can be adjusted by controlling the concentrations of the monomer and crosslinker. DH-QPM, with its capacity of yielding quantitative measures of deformation directly, has been employed to measure the Young's modulus of PAA, 8 which provided a very effective process for achieving high-precision quantitative phase microscopy. When cells are cultured on substrates of identical chemical properties but different rigidities, they are able to detect and respond to substrate stiffness by showing various motility patterns and morphologies. 9 The substrate then generates deformation due to the traction forces exerted by cells. We have utilized DH-QPM to study motile fibroblasts deforming PAA gel, 10 where the cell substrate adhesion has been visualized and quantitative measures of surface deformation have been extracted. The substrate stiffness and quantitative measures of substrate deformation have been combined to produce estimates of the traction forces and characterize how these forces vary depending on the substrate rigidity. DH-QPM is thus shown to be an effective approach for measuring the traction forces of cells cultured on elastic substrate.
Three-dimensional profiling and tracking by digital holography provide label-free, quantitative analysis on the characteristics and dynamic process of objects. Kempkes et al. have utilized digital in-line holography (DIH) to image and analyze short and straight fibers in suspension in a three-dimensional volume. 11 Microfluidic phenomena have been studied by DIH, and as indicators of the flow pattern, the trajectories and velocities of latex microspheres and red blood cells have been measured in three-dimensional volume and time. 12 A three-dimensional distribution of polystyrene spheres has been obtained by deconvolution of three-dimensional reconstruction of a hologram. 13 Red blood cells and HT-1080 fibrosarcoma cells in a collagen tissue model have been tracked in three dimensions by evaluating quantitative phase profiles by DH-QPM. 4 Threedimensional localization of weakly scattering objects in DHM has been presented by Rayleigh-Sommerfeld back-propagation method.
14 Helical trajectories of human sperm within a large volume have been tracked and analyzed by DHM, and the statistics information of the swim path, pattern, speed, etc., were revealed. 15 In this paper, specimens of suspended polymer microspheres and curved microfibers are visualized in three dimensions; and the corresponding characteristics are investigated quantitatively. Free-swimming cells, such as chilomonas, paramecium, etc., sense and respond to their surroundings by swimming toward or away from stimuli. These moving microbes are tracked in three dimensions and as a function of time by DHM without need for mechanical focus adjustment. Moreover, for a sample consists of cells and suspended microfibers, the displacement of fibers due to interaction with swimming cells in three dimensions is monitored by DHM. The main results we are reporting here are: (1) demonstration of DHM technique for three-dimensional profiling of a curved fiber structure. There are few publications of 3-D localization of fibers, and the fibers reported are all short and straight segments. 11 We are the first to report on three-dimensional localization of arbitrary-shaped fiber structures; (2) introduction of differential holography as a method to three-dimensional or four-dimensional image the changing position of a microbe or fiber. Many groups 12, 16 have utilized differential holography method to imaging or tracking particles/cells; however, more complicated structures such as arbitrary-shaped fibers have not been studied in this method yet; and (3) application of the method to mechanical interaction between a microbe and fiber. In the study of cell-environment interaction by DHM, the 3-D trajectory of a free-swimming copepod and the complex flow around it has been performed and polystyrene spheres were seeded as the marker of the flow. 17 On the other hand, we are the first to monitor the interaction between a cell and fiber, which includes more complicated structures. The effectiveness of this method is quantified in terms of the maximum number and speed of the moving cells that can be tracked, as well as the direction of the motion (lateral and axial). The results from this work can be further used to implement an optical trap that can automatically track and capture cells with specified characteristics, such as speed, size, or shape.
Apparatus
The DHM setup used in this work is illustrated in Fig. 1 . It consists of a Mach-Zehnder interferometer illuminated with a HeNe laser.
1,2 The object arm contains a sample stage and a microscope objective that projects a magnified image of the object onto a charge-coupled device (CCD) camera. The reference arm similarly contains MO2, so that the holographic interference pattern contains fringes due to interference between the diffracted object field and the off-axis reference field. The numerical aperture of the microscope objectives is 0.25 and the magnification is 10×. The specification of CCD is 1024 × 768 pixels, and the pixel size is 4.65 × 4.65 μm 2 . The captured holographic image is numerically converted into Fourier domain to obtain the angular spectrum 1,2 and a spatial filter is then applied to retain the real image peak alone. The filtered angular spectrum is propagated to appropriate distance, and by an inverse Fourier transform, reconstructed as an array of complex numbers containing the amplitude and phase images of the sample. A background image without objects on the sample stage is first recorded by DHM. In the experiment, aberrations and background distortions of the optical field are minimized by subtracting the background image.
1,2,18,19
3 Experiments and Results
Three-Dimensional Localization of Suspended Microspheres
In combination with microscopy, DHM is able to produce single hologram containing all the information about the three-dimensional structure of micro-scale objects. In a first experiment, the applicability of DHM and autofocusing algorithm is investigated by performing three-dimensional profiling of polymer microspheres (Type 7510A, Duke Scientific Corporation, Palo Alto, California, mean diameter 9.6 μm). Figure 2 (a) presents the hologram of microspheres in suspension captured by DHM. Angular spectrum method 1,2 is applied and the reconstructed amplitude image is shown in Fig. 2(b) where several in-focus and out-of-focus microspheres are seen at this reconstruction plane. The field of view is 90 × 90 μm 2 with 464 × 464 pixels. The microsphere focuses the incoming light and forms a bright spot along the optical path. Therefore, the pattern of the microsphere appears to have a maximum intensity at the center near the in-focus plane and the surrounding is dark. Then, an autofocusing algorithm based on peak searching can be applied to identify the in-focus position of each particle.
The hologram is numerically reconstructed in longitudinal direction Z from 100 μm to −100 μm, in −2 μm steps. The autofocusing algorithm is then applied by searching on the reconstructed images for the planes that contain the objects with the peak and sharpest details to establish the all-infocus profile. 20 At each pixel, the intensity variation in longitudinal direction is investigated to find out the peak intensity. The peak intensity value becomes a pixel of an in-focus profile and its location in longitudinal direction is recorded as a corresponding depth map value. The combination of all-in-focus intensity profiles Fig. 2(c) and the corresponding depth maps Fig. 2(d) enables to produce the three-dimensional visualization of microspheres and a threshold on the intensity allows for distinguishing objects from other elements, illustrated in Fig. 2(e) . In fact, we take every center position of brightest points in Fig. 2(c) as X-Y locations of particles and Fig. 2(d) is used to determine the Z-location of those particles identified in Fig. 2(c) . The accuracy of this measurement system was estimated using a microsphere (2 μm) fixed on a glass slide. 21 A series of holograms of the fixed particle was recorded at 10 fps, up to 8 s. Figure 3(a) is one hologram of the fixed particle and Fig. 3(b) shows the temporal changes for the measured Z positions of the particle in a step of 0. 005 μm. The standard deviation of the measured Z positions is estimated to be 0.039 μm, which is the depth accuracy of the system.
Three-Dimensional Profiling of Stationary Microfibers
Nonwoven and randomly oriented microfibers were spun onto glass coverslips from co-poly (L-gluatmic acid 4 , L-tyrosine 1 ) (PLEY) dissolved in water and crosslinked as described previously. 22 The diameter of fibers is 0.2-5.0 μm. Figure 4 (a) presents a hologram of microfiber. The angular spectrum method is applied to obtain the reconstructed amplitude image in Fig. 4(b) . The microfiber appears curved and elongated, consistent with our previous work. 22 The field of view is 90 × 90 μm 2 with 464 × 464 pixels. The hologram is then reconstructed from Z ¼ 100 to −100 μm, in −1 μm steps. Adding these 201 reconstructed images of amplitude yields the axial projection shown in Fig. 4(c) . The final image has the same number of pixels as each reconstructed image. The projected image is converted into binary by threshold and segmentation, shown in Fig. 4(d) . The binary image is then axially back-projected along the path of amplitude over the set of reconstructed images.
We apply the same autofocusing algorithm on the resultant images to record the maximum intensity value at each pixel along the reconstruction direction and the axial XY and depth position Z of where the maximum intensity occurred at the same time. The obtained all-in-focus intensity profile Fig. 4 (e) and the corresponding depth map Fig. 4(f) are then combined to generate the three-dimensional visualization of microfiber and a threshold on intensity is chosen to highlight the area of regional interest. However, there still exist noisy point clouds resulted from noise in the three-dimensional profile Fig. 4(g) . To address this, an average and polynomial curve-fitting algorithm accounting for errors is adopted. The fitted line of the point clouds (standard deviations in the X and Z directions are 0.21 and 0.06 μm) in the three-dimensional coordinate is present in Fig. 4 
(h). Figures 4(i)-4(k)
show the XY, XZ, and YZ views of the three-dimensional profile, respectively. Z coordinate provides the depth information of real image of microfiber in the reconstruction volume. The length of the microfiber in threedimensional volume is determined from X, Y, and Z coordinates of real image of microfiber, that is 126 μm.
Four-Dimensional Motility Tracking of a Moving Chilomonas Cell
Chilomonas are fast-moving cells, which sense and respond to their surroundings by swimming towards or away from stimuli. A time-lapse hologram movie of the movement of chilomonas was recorded at 30 fps (Video 1). The field of view is 90× 90 μm 2 with 464 × 464 pixels. An excerpt of 14 frames is taken and the difference between consecutive hologram pairs is calculated pixel by pixel ðh 1 − h 2 ; h 3 − h 4 ; : : : h n−1 − h n Þ to eliminate background structure and retain only the object information, where h n is the n'th hologram of selected frames. The resulting seven different holograms (from a total of 14) are then summed ðh 2 − h 1 þ h 4 − h 3 : : : þ h 13 − h 14 Þ into a single hologram Fig. 5(a) , which contains all the information on moving cells. 16 Reconstruction by the angular spectrum method is applied on the resultant hologram and Fig. 5(b) is the amplitude image reconstructed at the specific plane Z ¼ 0.
The three-dimensional trajectory of the moving chilomonas was built up by firstly reconstructing the two-dimensional resultant hologram from Z ¼ 80 to −120 μm, in −2 μm steps. The same algorithm of numerical autofocusing is then utilized, keeping the maximum intensity value at each pixel in the reconstructed image along Z direction to obtain the all-in-focus intensity projection Fig. 5(c) , and combining with the depth position where in-focus intensity occurred Fig. 5(d) to determine the focal planes for the entire trajectory in the reconstructed volume. A threshold of intensity is applied to eliminate the unnecessary background, and the center position and the mean intensity of every points cloud representing every trajectory of chilomonas are determined. The combination of depth positions Z and XY displacement of cells allows for quantitative three-dimensional motility tracking. The cell is estimated to move a total path length of 93 μm at the velocity of 198 μm∕s. Figure 5 (e) demonstrates the applicability of DHM for automatically four-dimensional tracking of living cells with temporal and spatial resolution at the subsecond and microlevel. Figures 5(f)-5(h) show the XY, XZ, and YZ views of the three-dimensional trajectory, respectively. It is worth mentioning that cells can change their shape when they are moving, so one has to define the positions of cells On the other hand, in our case, the chilomonas cell is relatively small and has a more rigid shape, changing of shape is not an issue here. all-in-focus intensity image containing only one track of fiber is generated in Fig. 6(h) . Combined with the obtained depth position profile Fig. 6 (g) and fitting algorithm accounting for errors, the fitted line of the point clouds (standard deviations in X and Z directions are 1.27 and 0.27 μm) in three-dimensional coordinate is present in Fig. 6(i) . Similar results for the second track of fiber are shown in Figs. 6(j) and 6(k) and the standard deviation of its corresponding point clouds in the X and Z directions are estimated to be 0.80 and 0.26 μm. The two tracks of the fiber are then plotted in one three-dimensional coordinate, Fig. 6(l) and Figs. 6(m)-6(o) show the XY, XZ, and YZ views of the three-dimensional plot, respectively. The length and the displacement of the fiber are estimated to be 210.1 and 11.1 μm. A movie of three-dimensional displacement of the fiber within 0.5 s period is also presented (Video 3). The three-dimensional displacement of an individual microfiber due to interaction with paramecium cell has been measured as a function of time at subsecond and micrometer level. To the best of our knowledge, this is the first quantitative profiling and tracking by DHM of the curvature and displacement of individual microfiber by swimming cells in three dimensions. Displacement could vary with cell type, physiological state of the cells, microfiber preparation, etc. The prospects seem excellent for DHM for particle flow analysis and threedimensional imaging of randomly oriented microfibers, in cases where quantitative measurement of characteristics (size, length, orientation, speed, and displacement, etc.) is of great interest.
Conclusions
DHM has been applied to image suspended microspheres and stationary microfibers in three dimensions, track motility of cells and monitor the displacement of fibers due to interaction with swimming cells in four dimensions. The three-dimensional positions of objects have been determined subsequently from reconstructed holograms by autofocusing algorithm based on peak searching along the reconstruction direction. The technique opens up new perspectives for DHM in biological cells imaging. The approach is sensitive to cellular motility and can be applied in the field of label-free, noninvasive, dynamic 3-D cells migration analysis without mechanical realignment. It can detect and quantify cellular motility and characteristics over time. DHM is shown to be an effective approach to study motility of biological cells with temporal and spatial resolution at the subsecond and micrometer level. In the future work, we are going to apply this method to study how crawling cells move through fiber jungles in four dimensions and quantify how traction forces vary due to the environment. This will provide a novel imaging of threedimensional profiles of cellular motility and reveals the dynamic process in biological aspects. Changgeng Liu obtained his BS degree in applied physics in 2007 and an MS degree in optics from Beijing University of Technology, Beijing, China, in 2010. He is currently seeking a PhD degree in applied physics in at the University of South Florida, Tampa, Florida. His research interests include digital holography, adaptive optics, biomedical imaging, computational optics, phase retrieval, digital imaging processing, and optical systems design.
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